Polaritons are quasiparticles arising from the strong coupling of electromagnetic waves in cavities and dipolar oscillations in a material medium. In this framework, localized surface plasmon in metallic nanoparticles defining optical nanocavities have attracted increasing interests in the last decade. This interest results from their subdiffraction mode volume, which offers access to extremely high photonic densities by exploiting strong scattering cross-sections. However, high absorption losses in metals have hindered the observation of collective coherent phenomena, such as condensation.
In this work we demonstrate the formation of a non-equilibrium room temperature plasmon-exciton-polariton condensate with a long range spatial coherence, extending a hundred of microns, well over the excitation area, by coupling Frenkel excitons in organic molecules to a multipolar mode in a lattice of plasmonic nanoparticles. Timeresolved experiments evidence the picosecond dynamics of the condensate and a sizeable blueshift, thus measuring for the first time the effect of polariton interactions in plasmonic cavities. Our results pave the way to the observation of room temperature superfluidity and novel nonlinear phenomena in plasmonic systems, challenging the common belief that absorption losses in metals prevent the realization of macroscopic quantum states.
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The study of exciton-polaritons, i.e., a bosonic quasiparticle formed by the strong coupling between photons and excitons, has attracted a great attention in recent years on both experimental and theoretical sides. The research in this field has mainly focused on inorganic semiconductors, showing fascinating phenomena such as condensation, 1 superfluidity, 2,3 quantized vortices, 4 and nonlinear dynamics. 5 Observation of these phenomena has been obtained very recently also at room temperature in organic-based microcavities.
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These have been some of the major breakthroughs in this research field because they permit to overcome cryogenic temperature limitations to the application of exciton-polaritons in optical devices.
In this context, a promising route for the exploitation of exciton-polariton physics at the nanoscale is offered by Localized Surface Plasmons (LSPs) characterized by unique properties such as the confinement of light in mode volumes far below the diffraction limit (V λ 3 ) and the strong electromagnetic (EM) field enhancement. These systems have already shown many interesting features even in the strong coupling regime, where plasmon-excitonpolariton (PEP, or some times called plexciton) quasiparticles are formed. [10] [11] [12] [13] [14] Among these systems, particular attention is devoted to the study of two-dimensional (2D) lattices of metallic nanoparticles which support collective plasmonic modes, known as Surface Lattice
Resonances (SLRs). 15 SLRs arise from the coherent radiative coupling of LSPs of individual nanoparticles with diffractive modes propagating in the plane of the array, the so-called Rayleigh anomalies, [16] [17] [18] and are characterized by a strong suppression of losses (higher quality factor) with respect to individual nanoparticle LSPs, at the expense of a less confined electromagnetic field (larger mode volume). 16, 19, 20 As hybrid modes arising from a coherent coupling of LSPs, SLRs can maintain the strong EM field enhancement typical of plasmonic nanoparticles, 21, 22 while simultaneously extending over the whole lattice area. PEPs in 2D
lattices have shown peculiar features due to the unique dispersion of SLRs, [23] [24] [25] [26] which make them similar to exciton polaritons in semiconductor microcavities. For these reasons, the possibility to achieve PEP condensation in these systems has been predicted.
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Although polariton condensates and photon lasing have many properties in common such as excitation density threshold, coherence of the emitted light and spontaneous polarization, they are intrinsically very different: 27,28 polariton condensation arises from the Bose stimulation of quasiparticles into the ground state, whereas photon lasing is due to the stimulated emission of photons into the resonator mode. As a result, the threshold for a polariton condensate can be even orders of magnitude lower than that one of a photon laser. Moreover, condensates preserve a uniform single spatial mode even with a large pump spot size and, more importantly, give to photons a missing ingredient, which is fundamental in the realization of all optical and quantum computation devices: the interaction. As an example, phenomena like superfluidity 2,3,9 can only be observed in presence of interactions while they are absent in standard lasing.
Very recently a condensate of photons based on SLR modes in the weak coupling regime has been claimed showing hint of a thermalisation due to exchange of energy between the SLR modes and the molecular dipoles. 29 On the other hand, in strong coupling regime, thermalization and cooling of polaritons has been observed in an array of silver nanoparticles covered with organic molecules. This has been shown to lead to a saturation of the strong coupling at large pumping fluences, and represented the first demonstration of suitability of PEPs in a plasmonic based system towards quantum condensation, even if no evidences of boson stimulation were reported. 24 More recently, a similar platform has shown PEP lasing, 30 although the absence of evidences for the formation of a quasi-long-range spatial coherence and interactions has limited the discrimination between lasing and condensation.
In this work, we demonstrate that by strongly coupling molecular excitons to a SLR in a 2D array of silver nanorods (NRs), where the exciton interactions play a significant role, an out-of-equilibrium PEP condensate with a large spatial coherence is observed. This is proved by the observation of exciton polariton interactions resulting in a blueshift of the condensate energy as large as 2.5 meV. A further confirmation comes from the spatial coherence length in the plasmonic lattice that is shown to extend to much longer distances than the pump spot size. These results shed new light on plasmonics, demonstrating the feasibility in achieving room temperature condensation of exciton-polaritons in open plasmonic cavities and paving the way for new active plasmonic devices based on hybrid interacting quantum fluids.
Non-equilibrium condensation
The optical mode in our system is provided by a 2D array of silver nanorods (NRs) where the LSPs of the individual nanoparticles are coherently coupled with each other through the diffraction orders propagating in the plane of the array, thus sustaining SLRs. The
NRs array, whose schematic representation and scanning electron micrograph are shown in 
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The corresponding electromagnetic near-field distribution is shown in Figure 1c To characterize the photoluminescence (PL) properties, we excited the sample using a non-resonant pulsed laser (100 fs pulse duration, E exc = 2.48 eV and 1 kHz repetition rate) at normal incidence, polarized along the y-direction. The dependency of the photolumines- PEPs to condense more efficiently at an energy set by the vibronic quanta of the molecules,
The real space emission pattern also changes radically below and above threshold, as shown in Fig. 2e ,f. While the PL is homogeneously distributed over the excited area below threshold ( Fig. 2e) , a structured stripe-like pattern extended along the y-direction arises at P > P th (Fig. 2f) . The random allocation of the stripes across the emission pattern can be explained by sample imperfections and inhomogeneities as can be inferred by the different emission patterns (not shown) obtained on different regions of the sample.
Time-resolved photoluminescence
To gather fundamental insights into the nature of this coherent emission, we performed timeand energy-resolved PL measurements by using an imaging spectrometer coupled to a streak camera with a time resolution of ≈1.8 ps (see Supporting Information and Methods). When pumping at fluences below threshold, the PL from the doped polymer layer shows a decay time of about τ B = 30 ps, both on the plasmonic array (red dots in Fig. 3a ) and on the bare glass substrate (green dots in Fig. 3a) . Differences on the lifetime between the molecules laying on the bare substrate and those coupled to the plasmonic array would be expected as a consequence of the Purcell effect or non-radiative quenching. However, in our experiment the PL emission mainly originates from molecules spread in the whole polymer layer height (260 nm), not all coupled to the SLR, the intensity of which is mainly localised around the metallic nanostructures. As the excitation power increases above the threshold, the decay time at the energy of the PEP reduces by one order of magnitude, to about τ A = 3 ps (blue dots in Fig. 3a) . The shortening of the emission lifetime above threshold is the result of the effective scattering from the exciton reservoir to the bottom of the lower polariton branch and the short cavity photon lifetime compared to the non-radiative polariton decay rate.
We investigated further the time resolved emission above threshold by fitting the emission spectra of (Fig. 3c ) during the condensate's formation and decay. Indeed, as can be seen from the narrowing of the linewidth (Fig. 3d) , the condensate is formed some ps after the excitation pulse, however the system continues to redshift due to the further reduction of the total population in the reservoir. This behaviour is fast enough to exclude any possible heating related effects which in any case would show a blue shift rather than a redshift with time and it is similar to what has been already observed in exciton-polariton condensates with inorganic semiconductor microcavities. 37 This temporal dynamic not only demonstrates the presence of reservoir-PEPs interactions, but also shows that plasmon-exciton coupling still holds while condensation occurs and excludes photon lasing processes that may appear in the weak coupling limit if the coupling strength saturates. 38 Moreover, taking into account the absorption coefficient of the dye and the number of photons at the threshold power, we estimated the interaction constant g = ∆E/N being ≈ 2 · 10 −23 eV cm 3 , where ∆E is the energy blueshift and N is the density of the initial excited electron-hole pairs. Considering the dilution of the dye this is in accordance with previous estimation of Frenkel excitons in organic semiconductors.
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Spatial and temporal coherence
One of the most important characteristics of a polariton condensate is the macroscopic spatial coherence. In PEP systems, spatial coherence of the order of few microns has been already reported in the linear regime, 39,40 and was described in terms of plasmon-exciton hybridization induced by strong coupling. On the other hand, in standard plasmonic lasing, larger coherence has been observed but always inside the excitation spot. Since the sample is excited non-resonantly, the excitons relax incoherently into the PEP band, with a phase that is not imposed by the laser pump. At sufficiently high PEP densities, phononic relaxation from the exciton reservoir rapidly populates the long-living polariton state at k x = 0 µm −1 , leading to bosonic stimulated scattering and, finally, to condensation. By measuring the visibility of the interference fringes, we can thus obtain a complete spatial reconstruction of the first-order correlation function g (1) (r 1 , r 2 , ∆t) of the condensate (see Supporting Information), at each temporal delay ∆t between the pulses in the two arms of the interferometer:
where Ψ * and Ψ are the creation and annihilation operators of the polaritons at the spacetime point (r, t).
A typical interference pattern, measured at a pumping power P = 1.2P th and ∆t = 0, is shown in Fig. 4a , with the maximum fringes visibility in the center of the image (i.e., the autocorrelation point, r = r 0 ). The spatial map of the g (1) (−r, r, 0) is displayed in In addition to the presence of 1D long-range spatial correlations along the stripes, one could wonder if, despite the disorder, the PEP condensate can still manifest the wholly 2D nature of SLRs. In order to verify this property, the g (1) along the direction perpendicular to the emitting stripes is measured in another position by rotating the sample, as displayed in Figs. 4d and 4f. We find that, regardless of the spatial fragmentation of the condensate, there is a high degree of coherence, which is maintained also between different stripes. In particular, by fitting all the g (1) maxima positions along the stripes, an exponential decay is still obtained, shown as a red curve in Fig. 4f , with a coherence length of L y 120 µm.
This value is very similar to the one obtained for the x -direction, which demonstrates the 2D nature of the PEP condensate. In Fig. 4b , we clearly observe that by increasing the excitation power, both the intensity and the coherence length increase, as shown in Fig.   4b with black and red dots, respectively, manifesting the spontaneous buildup of a global phase at the PEP condensation energy due to the phase coherent Bose stimulated scattering process. Since the LP branch below threshold has a very low emission intensity, the pump rate dependence of the coherence length and the emission intensity have been estimated only above threshold (Fig. 4b) .
It is worth nothing that for 2D systems above a finite temperature, T BKT , and close to equilibrium the Berezinsky-Kosterliz-Touless (BKT) transition characterized by a quasi-longrange-order, with an algebraic decay of coherence should be observed. 42 However, pumping and dissipation in our PEP system play a major role as compared to thermalisation and interactions. Due to the extremely short LSPs lifetime in plasmonic-based condensates, which make them strongly out-of-equilibrium, it is not surprising that we do not find a BKT transition, but rather an exponential loss of spatial coherence.
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Finally, we also measured the coherence time of our PEP condensate as shown in Fig.   5a for three different delays on an individual emitting stripe. The g mode strongly coupled to Frenkel excitons in an organic dye. Time resolved measurements reveal the ultrafast ps dynamics leading to the condensate formation, with a 2.5 meV energy blueshift of the condensate due to PEP interactions. A widely extended two-dimensional spatial coherence is also observed, showing a high degree of robustness against disorder and inhomogeneities. As a result, our system can be described as a single macroscopic state, with a coherence length longer than 100 µm. These findings are very promising for studying properties of quantum fluids at room temperature with ultrafast dynamics, thus opening the way towards future plasmon-exciton-polariton based condensates and devices.
Methods

Sample fabrication
The array of silver nanoparticles was fabricated using substrate conformal imprint lithography onto a glass substrate (n=1.51). Silver nanoparticles were covered by a 8 nm thick layer 
Optical measurements
To measure the optical extinction and the angle-resolved PL, we have used a set of rotation stages that can rotate the sample to measure the transmission at different angles of incidence or that collects the PL at different emission angles. The transmission and PL were measured with an optical fiber and an Ocean Optics spectrometer (USB2000). For the extiction measurements we used a broadband white lamp, while for the PL measurements in Fig. 2 the sample was excited non-resonantly at normal incidence with 100 fs amplified pulses at E exc = 2.48 eV excitation energy with 1 kHz repetition rate.
To study the long-range correlations on the PEP condensate, we used a Michelson interferometer. The sample was non-resonantly excited with a laser at E exc = 2.48 eV and 100 fs pulse width (10 kHz repetition rate, 4.5 mJ pulse energy) focused by a camera objective (3.5 cm working distance and 0.7 N.A.) into a spot of about 20 µm. In order to avoid excitation bleaching of the organic molecule, we reduced the average laser power by using a chopper with 10% duty cycle. The PL was collected over a large area of the sample with a 40x objective and N.A. = 0.65. The real space PL maps are measured on the CCD camera by blocking one arm of the Michelson Interferometer and filtering the laser light with a long pass filter (LWP550). We used the same setup, coupled with a spectrometer equipped with a streak camera, to study the condensate temporal dynamics.
Finite difference in time domain simulations
The simulation of the near-field distribution shown in Figure 1 
where I ideal = (I 1 + I 2 )(2 I 1 I 2 ) −1 , with I 1 and I 2 the light intensities measured on the two separated channels of the interferometer, takes into account possible small asymmetries between the two arms.
The function used for the fitting in Fig. 2d and 2f of the manuscript, is an exponential profile with the form
where A is a renormalization factor taking into account the experimental reduced visibility, e.g. from mechanical vibrations of the setup, and b is the parameter describing the coherence length.
In Fig. S3 we report the interference patterns of the transmitted laser beam on the sample (Fig. S3a) and of the emission of the sample ( 
Temporal coherence
The temporal decay of coherence was evaluated from the coherence in the autocorrelation point (r 0 ), when lengthening the optical path in one arm of the interferometer by means of a single axis translation micrometer stage. This, in turn, results in a relative temporal delay between the two arms, ∆t, ranging from 0.07 ps to ∼ 3 ps. Each measured frame is analysed by calculating the first order correlation function in the autocorrelation point, as discussed in the previous sections.
The extracted temporal decay is fitted by using a stretched exponential function as in:
where A is a renormalization factor, while l e and β are the parameters containing the temporal coherence decay length, given by:
where l t is the temporal decay length, l e is the renormalization factor scale of the temporal axis, β the exponent of the stretched exponential and Γ the gamma function.
From the fit shown in Fig. 5b of the manuscript, the extracted β is ≈ 1.5.
Time resolved measurements
The time resolved experiments have been performed by non-resonantly exciting the sample with a pulsed laser of 100 fs pulse width, and collecting the emission on a streak camera.
Fig . S4 shows the temporal profile of the laser pulse (in log scale) measured on the streak camera, which defines the time resolution of our set up. By fitting the laser profile with a gaussian function (red line), a FWHM of 1.8 ps is obtained. The peak energy of the plasmon exciton polariton condensate at different delay times has been extracted by fitting the emission spectra at each time with a Gaussian peak profile. In Fig. S5 , we show some of these fitted spectra at t = 0.5 ps (a), t = 7.2 ps (b) and t = 13.6 ps (c). 
